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Pamuk ON, Lapchak PH, Rani P, Pine P, Dalle Lucca JJ, Tsokos GC. Spleen tyrosine kinase inhibition prevents tissue damage after ischemia-reperfusion. Am J Physiol Gastrointest Liver Physiol 299: G391-G399, 2010. First published June 3, 2010; doi:10.1152/ajpgi.00198.2010.-Reperfusion injury to tissue following an ischemic event occurs as a consequence of an acute inflammatory response that can cause significant morbidity and mortality. Components of both the innate (complement, immunoglobulin, monocytes, and neutrophils) and adaptive (B and T lymphocytes) immune systems have been demonstrated to mediate tissue injury. Spleen tyrosine kinase (Syk) is responsible for membrane-mediated signaling in various cell types including B lymphocytes, macrophages, and T cells. We investigated the ability of a small drug Syk inhibitor, R788, to protect mice against mesenteric ischemia-reperfusion (I/R)-induced local (intestine) and remote lung injury. Mice were fed with chow containing a Syk inhibitor for 6 days before the performance of intestinal I/R, which resulted in silencing of the expression of the active phosphorylated Syk. Syk inhibition significantly suppressed both local and remote lung injury. The beneficial effect was associated with reduced IgM and complement 3 deposition in the tissues and significant reduction of polymorphonuclear cell infiltration. Our data place Syk upstream of events leading to the binding of natural antibodies to the ischemia-conditioned tissues and urge the consideration of the use of Syk inhibitors in the prevention or improvement of tissue injury of organs exposed to ischemia or hypoperfusion.
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ISCHEMIA-REPERFUSION (I/R) injury and its sequelae represent a leading cause of morbidity and mortality and are a major clinical problem. Reperfusion of organs subjected to ischemia or hypoperfusion of tissues elicits an inflammatory response that results in organ damage and malfunction (12) . During I/R injury, various mediators are produced in ischemic areas that enter the circulation and result in remote organ damage. Different organs can be affected, including liver, kidney, and lung (14, 33) .
I/R injury occurs in various clinical conditions including shock, organ transplantation, reestablishing coronary artery flow after myocardial infarction, and systemic autoimmune diseases such as rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) (16) . Oxidative stress and excessive complement activation occur during ischemia and subsequent reperfusion-induced intestinal mucosal injury (12, 33) . Reactive oxygen species are generated after reperfusion, and they stimulate the release of cytokines and the expression of adhesion molecules on damaged cells in the reperfused tissues (12, 23) . The inflammatory reaction triggered by mesenteric ischemia is characterized by neutrophil infiltration, activation, and local mucosal injury, in which complement activation plays a major role (1) . Various molecules and cells have been implicated in I/R injury, and these include components of the innate immune system, such as complement, natural antibodies, and neutrophils, and also various chemokines and cytokines (16) . Recent studies have indicated that the adaptive immune response, namely T cells and B cells, also participates in I/R injury (7, 13) .
Tyrosine phosphorylation is an important process in initiating signals from antigen receptors, integrins, and cytokine receptors in cells of the immune system (18) . The activity of tyrosine kinases is central to many cellular processes, and their role in inflammation is important (24). The nonreceptor spleen tyrosine kinase (Syk) is involved in signal transduction in a variety of cell types. It is a key mediator of immune receptor signaling in host inflammatory cells (B cells, mast cells, macrophages, and neutrophils) (25, 28) . Syk-mediated phosphorylation of several adaptor proteins and the formation of signaling complex at the cell surface membrane leads to activation of downstream pathways followed by a functional response (4, 29) . Syk phosphorylation plays a central role in the activation of immune cells and thereby plays a critical role in the pathogenesis of different autoimmune diseases (22) . Syk also plays an important role in complement-mediated phagocytosis (27, 29) .
Given the importance of Syk in immune cell signaling, a number of small drug inhibitors have been developed in an effort to suppress the autoinflammatory response in diseases. The Syk inhibitor R406 potently inhibits IgE-and IgG-mediated activation of Fc receptor signaling and reduces immune complex-mediated inflammation (5) . The prodrug of R406, R788, claims the same effects (6) and has been considered in the treatment of allergic and autoimmune diseases including arthritis and SLE (3, 11, 17, 34) . In a phase II clinical trial in patients with RA, Syk proved its clinical promise with acceptable side effects and significant clinical improvement (30) . These results suggest that R406 has potent anti-inflammatory activity and therefore may be of clinical value in the prevention and treatment of mesenteric I/R-induced tissue damage.
In this communication we demonstrate that inhibition of Syk activation limits local and remote organ damage in mice subjected to intestinal I/R. Prevention of tissue injury is associated with limited complement deposition and infiltration of tissues by polymorphonuclear cells. We propose that Syk inhibitors undergo consideration for the treatment or prevention of injury in conditions associated with reperfusion of ischemic tissues.
MATERIALS AND METHODS
Mice. Adult, 8-to 12-wk-old C57BL/6J mice were obtained from Jackson Laboratory (Boston, MA). Mice underwent at least a Fig. 1 . Spleen tyrosine kinase (Syk) inhibitor therapy attenuates ischemia-reperfusion (I/R) injury in the intestine. A: representative hematoxylin and eosin (H & E)-stained slides from the intestine of mice subjected to I/R or sham operation and treated with R788 (3 g/kg and 5 g/kg for 6 days) were visualized and captured under a light microscope. Each image is representative of 3 mice/group. All photomicrographs are ϫ200 magnification. B: H & E-stained intestinal sections from different treatment groups were scored for intestinal mucosal damage as described in MATERIALS AND METHODS. Each bar is the average Ϯ SE for 3 mice/group. 7-day acclimatization before experimentation. All mice used in this study were maintained in specific pathogen-free conditions in the animal research facility at the Beth Israel Deaconess Medical Center (BIDMC).
Administration of Syk inhibitor R788 to mice. Syk inhibitor R788 was provided by Rigel Pharmaceuticals. Mice were fed food containing R788 [3 g/kg chow (n ϭ 6) or 5 g/kg chow (n ϭ 3)], control chow (n ϭ 6), or regular mouse chow (n ϭ 6). Food was prepared by Research Diets (New Brunswick, NJ). C57BL/6J mice were fed the R788-containing chow ad libitum for 6 days before experimentation in order to determine the effect of R788 on I/R injury.
I/R protocol. Mice were randomly assigned to the following experimental groups:
Mice were anesthetized with 10 mg/kg ketamine, 20 mg/kg xylazine, and 3 mg/kg acepromazine given intraperitoneally. In addition, Fig. 2 . Syk inhibitor therapy reduces remote lung injury following mesenteric I/R. A: representative H & Estained paraffin sections of lung tissue were subjected to the same treatment as in Fig. 1 . Each image is representative of 3 mice/group. All photomicrographs are ϫ200 magnification. B: lung injury scores from each group were determined based on the criteria outlined in MATERIALS AND METHODS. Each bar is the average Ϯ SE for 3 mice/group. Data were compared with ANOVA followed by Tukey's multiple comparison test. *P Ͻ 0.05, MC and CC-I/R groups vs. all other groups. 5 mg/kg ketamine and 3 mg/kg xylazine were given intramuscularly during the experiment when necessary. All procedures were performed on anesthetized, spontaneously breathing animals with body temperature maintained at 37°C with a controlled heating pad. All experiments were performed in accordance with the guidelines and approval of the Institutional Animal Care and Use Committee (IACUC) of the BIDMC.
Animals underwent I/R as described previously (8, 15) . Briefly, we performed a midline laparotomy before a 30-min equilibration period. The superior mesenteric artery was identified and isolated, and then a small nontraumatic microvascular clip delivering ϳ85 g of pressure was applied for 30 min. The clip was removed after this ischemic phase, and the intestines were allowed to reperfuse for 3 h. Shamoperated mice underwent the above-described surgical intervention without artery occlusion. The laparotomy incisions were sutured with 4-0 SofSilk, and the mice were resuscitated with 1.0 ml of prewarmed sterile PBS subcutaneously and monitored during the reperfusion period.
At the conclusion of the reperfusion period, mice were euthanized by carbon dioxide asphyxiation, following the IACUC Guidelines of the BIDMC. The small intestine was isolated, and a 20-cm section distal to the gastroduodenal junction was removed and flushed with ice-cold PBS, followed by ice-cold 10% phosphate-buffered formalin before overnight fixation in 10% phosphate-buffered formalin. Lung removal consisted of intact extraction of the bronchial tree after expansion with 200 -300 l of 10% phosphate-buffered formalin and fixing overnight in 10% phosphate-buffered formalin. Formalin-fixed intestine and lung tissues were extensively washed in PBS, processed, and embedded in paraffin for histological, immunohistochemical (IHC), and immunofluorescence (IF) analysis described below.
Injury score. For histological analysis, 20-cm segments of small intestine specimens were fixed in 10% phosphate-buffered formalin immediately after euthanasia. In the next step, tissues were embedded in paraffin, sectioned transversely in 5-m sections, and stained with hematoxylin and eosin. For each section, we graded 50 villi on a six-tiered scale as described previously (8) . To summarize, a normal villus was assigned a score of 0; villi with tip distortion were scored as 1; villi without goblet cells and with Guggenheims' spaces were scored as 2; villi with patchy disruption of the epithelial cells were scored as 3; villi with exposed but intact lamina propria and sloughing of epithelial cells were given a score of 4; villi with exuding lamina propria were assigned a score of 5; and villi with hemorrhage or denudation were scored as 6.
Alveolar and periluminal injury scores in each lung section were calculated based on the method of Cooke et al. (10) . For each lung section, we examined 10 -20 fields at high-power field magnification (ϫ400) and scored for alveolar infiltration on a three-tiered scale. The calculation of alveolar scores was as follows: when no infiltrate was present, a score of 0 was given; when the infiltrate could be visualized easily only at ϫ400, the score was 1; when infiltrates were readily visible, a score of 2 was assigned; and the score for consolidation was 3. Similarly, each section was scored for periluminal damage (airway or blood vessel) at ϫ100. The calculation for periluminal scores was as follows: when there was no infiltrate, a score of 0 was assigned; when the infiltrate was between 1 and 3 cell layers thick, the score was 1; for infiltrates ranging from 4 to 10 cell layers thick, a score of 2 was assigned; and infiltrates Ͼ10 cell layers thick were scored as 3. On the basis of the overall involvement of the section, a severity score was calculated: the severity score for 0 -25% involvement was 1; a severity score of 2 was assigned for 25-50% involvement; and the severity score for Ͼ50% involvement was 3. For calculation of the total lung injury score, the means of alveolar and periluminal scores for each section were summed up and multiplied by the severity score, which gave a final score ranging from 0 to 18.
Immunohistochemistry and immunofluorescence staining. To perform IHC staining, formalin-fixed paraffin sections of intestine and lung were subjected to rehydration and antigen retrieval by a standard protocol. For IHC studies, the following reagents were used: rabbit anti-mouse Syk (N-19; Santa Cruz), rabbit anti-mouse phosphorylated (p-)Syk (phospho Y323; Abcam), and rabbit anti-mouse complement 3 (C3) (B-9; Santa Cruz, CA). The RB6 -8C5 antibody was used to detect granulocyte receptor 1 (GR-1), which is a member of the Ly6 gene family, Ly6G and Ly6C (Santa Cruz).
For IF staining, formalin-fixed paraffin-embedded sections were blocked with 10% BSA-PBS at room temperature for 1 h and then incubated with FITC-labeled primary or secondary antibodies at room temperature for 1 h. The slides were washed, and coverslips were mounted with Dako Fluorescent mounting medium and analyzed by confocal microscopy (Nikon Eclipse Ti, Nikon Instruments, Melville, NY). FITC-labeled goat anti-mouse IgG (Santa Cruz, sc2010), FITC-labeled rat anti-mouse C3 (11H9; Santa Cruz, sc-58926), FITC-labeled goat anti-mouse IgM (Southern Biotech, 1021-02), and FITC-labeled rat anti-mouse Ly6G and Ly6C (clone R6B-8C5; BD Pharmingen) were the antibodies used.
Statistical analysis. Data are presented as means Ϯ SE. The comparison of data was performed by one-way ANOVA with post hoc analysis by Tukey test. When P Ͻ 0.05, the differences were considered significant.
RESULTS

Syk inhibitor limits intestinal I/R injury.
To determine the effect of Syk inhibition on mesenteric I/R injury, we evaluated intestinal tissues. I/R groups had significantly more intestinal mucosal damage compared with sham-operated mouse groups. After 3 h of reperfusion, the I/R groups exhibited significant mucosal injury (Fig. 1) (Fig. 1) . We did not observe any differences in the preventive effect of Syk inhibitor at 3 g/kg and 5 g/kg doses.
Syk inhibitor limits remote lung I/R injury.
To evaluate whether Syk inhibitor could also prevent I/R-induced remote lung injury, we examined lung tissues. The average pulmonary damage score in the MC-I/R mice (6.83 Ϯ 2.2) was significantly higher than those in the MC-Sham (Fig. 2) .
Intestine and lung Syk and p-Syk expression. Syk expression in the intestine and lung were evaluated by IHC. Syk staining in intestines and lungs was more prominent in I/R groups than in sham-operated groups. However, pretreatment with Syk inhibitor did not lead to any changes in Syk staining in either the intestine or the lung (Fig. 3, A and B) .
Because the Syk inhibitor suppresses the expression of p-Syk, the active form of Syk, we performed p-Syk staining by using IHC and IF. We observed staining in I/R group mice. There was no staining in sham-operated mouse groups. In the I/R mouse group, Syk inhibitor treatment eliminated p-Syk staining in the lung and intestine (Fig. 3, C and D) . There was only faint staining for p-Syk in the lung and intestine. We believe that Syk phosphorylation is an early event in I/Rinduced damage. After a 3-h reperfusion, we detected only slight p-Syk staining.
IgM and IgG staining. Reperfusion after ischemia induces alteration of the endothelial membrane and allows neoantigen expression. Circulating natural IgM antibodies bind to these antigens and may trigger complement-mediated injury (31) . Therefore, we performed IgM staining by IF. There was increased IgM staining in I/R intestinal and lung samples compared with the sham-operated tissues. In addition, we observed that Syk inhibitor reduced IgM deposition and hence detection by IF staining in both tissues (Fig. 4) . Unlike the differences detected for natural IgM staining, we were only able to detect minimal IgG staining in all groups (data not shown). Syk inhibitor limits C3 deposition in mouse intestine and lung. It has been reported that I/R activates complement, as indicated by C3 deposition on the intestine (31). To determine whether Syk inhibitor prevents complement deposition, we performed IHC (Fig. 5, A and B) and IF (Fig. 5, C and D) staining. Compared with the staining in sham-operated groups, mice subjected to I/R had prominent deposition of C3 on the surface of epithelial cells. Treatment of mice with Syk inhibitor attenuated C3 staining in the intestinal mucosa.
Similar to our observation in the intestine, there was significant deposition of C3 in the lungs of mice subjected to I/R compared with animals subjected to the sham operation. Mice treated with Syk inhibitor displayed limited C3 deposition in the lungs.
GR-1 staining. It was suggested that infiltration by neutrophils mediates local tissue damage in response to I/R (9). Therefore, we evaluated the presence of neutrophils in the intestine and lung after sham and I/R procedures in mice treated with Syk inhibitor. To this end we used an anti-GR-1 antibody, because GR-1 is predominantly expressed on neutrophils and to a much lesser degree on monocytes. Mice subjected to I/R had more prominent GR-1 staining within the intestinal tissue after 3-h reperfusion compared with the shamoperated mouse groups. The administration of Syk inhibitor to mice prevented I/R-induced neutrophil infiltration. In addition, Syk inhibitor treatment decreased infiltration by in the lung tissues (Fig. 6) .
DISCUSSION
In this study we demonstrate that pretreatment of mice with a small drug Syk inhibitor significantly reduces I/R injury in both intestinal and lung tissues. The R788 Syk inhibitor was effective at both 3 g/kg and 5 g/kg doses. This is the first study to evaluate the effect of Syk inhibition on I/R injury. Our finding that inhibition of Syk function is protective against I/R injury supports the idea that Syk signaling pathways are active during the inflammatory process that occurs during I/R injurymediated tissue injury.
Syk inhibitor was found to protect against different autoimmune, allergic diseases in animal models and in humans (11, 17) . The most likely effect of this inhibitor comes from targeting Fc␥ receptor (Fcr␥) alone and many other Sykdependent receptors on hematopoietic and intrinsic tissue cells. Previous studies in Syk-deficient murine macrophages indicated that Syk played a central role in Fcr␥-mediated phagocytosis but not in complement-mediated phagocytosis. However, recent studies have further demonstrated that Syk plays an important role in complement-mediated phagocytosis as well (27, 29) . An important component of the inflammatory response to mesenteric I/R has been shown to be complement (15, 31) , since complement-deficient mice are protected from this type of injury. Inhibition of complement by various inhibitors similarly results in protection against I/R injury (5, 31) . Many studies have shown that natural antibodies present in the serum of normal mice bind to neoantigens expressed on injured tissues, activate complement, and initiate damage (15, 31) . Activation of the complement pathway also increases the expression of adhesion molecules required for neutrophil homing, therefore contributing to remote organ injury, including the lungs (14) . In our study, we confirmed significant C3 and moderate IgM deposition in the intestinal mucosa and endothelial lung tissues after 3-h reperfusion. Treatment with Syk inhibitor decreased this mucosal tissue injury and inhibited C3 and IgM deposition. However, we did not observe prominent IgG deposition in any tissues or changes after Syk inhibition. Therefore, the effect of Syk inhibition in our study may be explained partly by complement inhibition.
Mesenteric I/R induces neutrophil infiltration and serves as a priming bed where systemic neutrophils become activated as they traffic through the vasculature of the injured tissue (9) . The oxidative burst induced by anti-IgG in human neutrophils primed with TNF-␣ was inhibited by R406 (2). Fc receptor signaling in neutrophils was also specifically inhibited by R406 (5). In our study, Syk inhibition decreased intestinal and remote lung I/R-induced infiltration by GR-1-positive cells. The effect of Syk inhibitor on neutrophil function has been evaluated in previous studies. Their conclusion was that R406 did not affect negatively the ability of neutrophils to clear bacteria (5) . In I/R injury, complement activation generates C5a and causes mast cell degranulation and neutrophil accumulation (19) . In our study, Syk inhibitor may prevent the accumulation of neutrophils by inhibiting upstream events such as complement activation. In addition, it was shown that Syk inhibition blocked mast cell degranulation, and so it is used for allergic diseases (32) . This effect of Syk inhibition might also be associated with its protective effect on I/R injury.
Syk phosphorylates itself and downstream proteins predominantly at tyrosine residues, although serine and threonine residues may also be phosphorylated. The Syk inhibitor R406 inhibits all phosphorylation events downstream of Syk signaling (5, 6). Although we observed the efficacy of Syk inhibition in I/R-induced lung and intestinal injury, we could only demonstrate moderate p-Syk staining in injured tissues. It is most likely that Syk is phosphorylated during the period of reperfusion injury when immune cells of both the innate and adaptive immune systems are activated, and therefore we detected a moderate degree of p-Syk staining during the reperfusion period. One study demonstrated rapid phosphorylation in SLE T cells, suggesting that peak phosphorylation in normal T cells occurs by 120 s (21) . While this is true, we believe that Syk phosphorylation may occur in different cells throughout the reperfusion period, hence our finding of a moderate increase in p-Syk-positive cells. Alternatively, another study mentioned that intracellular signaling molecules like Syk were colocalized with the initial B-cell receptor microclusters and that maximal spreading occurred within ϳ3 min (20) . The abovementioned conditions might have contributed to our inability to detect more prominent p-Syk staining in I/R-injured tissue samples. In vitro studies are controlled and limited to single cell types, and this contrasts with ongoing activation events in vivo. Nonetheless, the in vitro studies described above lend support to our findings that recruitment of different immune cells to the sites of local and remote injury is an ongoing process, as is p-Syk expression.
A recent study revealed that ischemia-mediated aggregation of the actin cytoskeleton plays a crucial role in mediating the deposition of C3 and IgM as well as I/R injury (26) . Syk was reported to be effective on actin polymerization and dynamics during complement-mediated phagocytosis (27) . In addition, it was shown that Syk inhibition slowed the rapid kinetics of actin polymerization (20) . The beneficial effect of Syk inhibition in our study on C3 deposition and intestinal I/R may be at least partly explained by its ability to prevent actin polymerization.
During the short period of administration of Syk inhibitor to the mice (1 wk) we did not observe any clinical side effects. Syk inhibition in patients with RA (30) for 6 mo was reported to be associated with the development of nausea, diarrhea, gastritis, mild neutropenia, and hypertension. Although these side effects may develop after prolonged use of Syk inhibitors, it is suspected that even milder or no side effects will develop in trauma patients who may require shorter treatment.
In conclusion, the administration of a Syk inhibitor limited damage in both intestinal and lung tissues of mice subjected to I/R injury. Based on our observation that Syk inhibitor conferred reduced C3 deposition and polymorphonuclear neutrophil infiltration in local and remote tissues, we propose that Syk inhibitor scavenges complement products and limits local complement activation and tissue injury. The use of a Syk inhibitor may therefore be of clinical value in I/R injury even in humans.
